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Introduction
Hyperpolarization methods aim at enhancing the nuclear spin polarization well beyond Boltzmann equilibrium. Since the sensitivity of NMR and MRI is directly proportional to the nuclear spin polarization, it can be enhanced considerably. Dissolution Dynamic Nuclear Polarization (D-DNP) [1, 2] can provide dramatic enhancements up to four or five orders of magnitude for a broad variety of molecules and nuclear spins. Many novel applications have emerged thanks to the improved sensitivity afforded by DNP, ranging from the detection of reaction intermediates in chemistry [3, 4] to the real-time metabolic imaging of tumors in medicine [5] . Since its invention in 2003, D-DNP has been generally performed under similar experimental conditions. Free radicals, embedded in a glassy matrix together with the substrate or metabolite of interest, are normally irradiated with monochromatic microwaves in the vicinity of the electron spin resonance (ESR) frequency at 1.2 K and 3.35 T [6] . Depending on the offset between the microwave frequency and the center of the ESR line, the polarization of one or several nuclear spin species can either be enhanced or depleted (positive or negative DNP, leading to positive or negative spin temperatures). The effect can arise from different DNP mechanisms, namely Thermal Mixing (TM) [7, 8] , the Cross Effect (CE) [9] [10] [11] or the Solid Effect (SE) [12] . Most of the theory of DNP was developed in the 1960's. The recent renaissance of DNP has led to improvements of the theory which has also become more comprehensible [13] [14] [15] [16] [17] [18] [19] [20] .
While TM is best performed with a monochromatic microwave irradiation, it has been shown recently by Thurber et al. [21] , Cassidy et al. [22] , and most recently by Hovav et al. [23] that DNP by CE and SE can be greatly improved by using either field-modulation or frequency-modulated microwave irradiation. We show in this Letter that the same approach is also beneficial at lower temperatures T = 1.2 K and at a higher magnetic field B 0 = 6.7 T. The effect of frequency modulation is pronounced and substantial gains in polarization by factors up to e fm > 3 can result in absolute 1 H polarization levels in excess of 60%, as reported in this Letter. Another great advantage of frequency modulation is the acceleration of the DNP build-up times by factors up to j fm $ 10. Finally the use of frequency modulation enables a reduction in the concentration of free radicals by a factor up to 2 without hindering the final DNP efficiency. Such a reduction in radical concentration results in narrower 1 H NMR widths and longer T 2 and T 1q at 1.2 K, which in turn significantly improves the efficiency of Cross 
13
C CP, dissolution can be performed in a standard manner, and the sample can be transferred to a liquid-state NMR spectrometer or MRI machine while retaining a large fraction of its hyperpolarization.
Results and discussion
All DNP experiments reported herein were performed on a home-built DNP polarizer at T = 1.2 K in a static magnetic field B 0 = 6.7 T. The polarizer was modified from its original version [24] [25] [26] [27] . When using the free radical 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) as a polarizing agent, CP-DNP has shown great potential for yielding polarizations in excess of P( 13 C) >70% in a record time using a doubly tuned solenoidal NMR coil with a 50 lL volume [28, 29] . The horizontal solenoidal coil can be replaced by a saddle coil with a 1 mL volume to allow vertical access for rapid dissolution of large sample volumes. Such a compromise leads to a decrease in rf efficiency and homogeneity, but polarizations as high as P( 13 C) = 45% could nevertheless be achieved [30] . Using TEMPOL as a polarizing agent, 1 H ?
13
C CP-DNP allows one to achieve higher P( 13 C) polarizations than direct 13 C DNP, we shall therefore mostly focus on 1 H DNP in this Letter.
Proton DNP was investigated for samples (1), (2) and (3) Figure 1a shows the effect of microwave frequency modulation on the 1 H DNP build-up behavior of sample (2) for positive or negative DNP performed at the optimal monochromatic frequencies f lw = 187.85 and 188.3 GHz. For sample (2) , the amplitude of the frequency modulation was set to Df lw = 100 MHz with a modulation frequency f mod = 10 kHz. A scheme explaining these frequency modulation parameters is presented in Figure 1b . Sinusoidal and triangular frequency modulation had identical efficiencies. According to Figure 1a , frequency modulation provides a drastic way of increasing the proton polarization P( 1 H), while simultaneously increasing the DNP build-up rate R DNP ( 1 H) = 1/s DNP ( 1 H). Table 1 gives the final proton polarization P( 1 H) and the corresponding build-up rates R DNP ( 1 H) with and without frequency modulation for positive and negative DNP effects, and for three different radical concentrations. The effect of frequency modulation is hardly remarkable at a high radical concentration of 50 mM, but it is much more pronounced as the radical concentration is decreased to 25 or 10 mM.
Increasing the radical concentration enhances electron-electron dipolar couplings which enable rapid spectral spin diffusion within the broad inhomogeneous ESR line of TEMPOL. As a consequence, a larger fraction of the electron spins can contribute to the DNP process. Usually, in absence of microwave frequency modulation, the radical concentration needs to be carefully optimized. If the radical concentration is too low, only a very small fraction of electron spins will contribute to DNP, which will translate in low nuclear spin polarizations and very long build-up times. On the other hand, if the electron spin concentration is too high, the ESR line will tend to be homogeneously broadened well beyond its inhomogeneous width, which will translate into fast build-up rates, but with poor nuclear spin polarizations. In practice, the best radical concentration was found to be around 50 mM at 1.2 K and 6.7 T in our laboratory [29] . When frequency modulation is used, the optimization of the electron concentration can be largely dispensed with. The fraction of the ESR line where DNP is effective is no longer related to the radical concentration. In fact, frequency modulation can play a similar role as spectral spin diffusion. A more detailed theoretical explanation supported by numerical simulations is given by Hovav et al. [23] .
( Figure 2a) shows the ESR line-shape of TEMPOL measured in our DNP polarizer at T = 1.2 K and B 0 = 6.7 T by longitudinally detected ESR (LODESR) with a home-built apparatus inspired by the work of Granwehr et al. [31] but adapted to our purposes. In Figure 2b , the DNP microwave spectrum measured for sample (2) shows the proton polarization P( 1 H) achieved with DNP as a function of the irradiation frequency f lw with and without frequency modulation. The DNP microwave spectra, measured with or without microwave frequency modulation, are contained within the limits of the ESR spectra, which suggests that the Cross Effect or Thermal Mixing are likely to be the dominant DNP mechanisms. In fact, if the Solid Effect were significant, it would allow the wings of these DNP microwave spectra to extend beyond the limits of the ESR line, typically by as much as the proton Larmor frequency. Finally, the absence of a unique spin temperature for 1 H and 13 C under DNP definitely supports the idea that the Cross Effect is prevailing. The line-shapes of the DNP microwave spectra are substantially different with or without microwave frequency modulation. The DNP microwave spectrum measured with frequency modulation has a separation between its positive and negative optima roughly equal to the proton Larmor frequency f = 285.23 MHz, which is typical for the Cross Effect. On the other hand, the DNP microwave spectrum measured without frequency modulation, in addition to showing reduced DNP performance, has a width shrunk to ca. 150 MHz. One possible explanation is that without frequency modulation, only a small fraction of the electron spins contribute to the DNP process, and this fraction become even smaller when the microwave frequency is shifted towards the tails of the ESR spectrum. As a result, DNP build-up times become increasingly longer, and DNP enhancements are reduced. Figure 2c shows the proton polarization P( 1 H) as a function of microwave power with and without frequency modulation. Thus, microwave frequency modulation is advantageous in terms of final polarization, required microwave power, and radical concentration.
The parameters used in this Letter were carefully optimized: modulation amplitude Df lw = 100 MHz and modulation frequency f mod = 10 kHz. The most striking feature is that the optimal condition is rather flat with 20 < Df lw < 100 MHz and 1 < f mod < 1000 kHz. As a general principle, the modulation of the frequency should cover a significant part of the ESR lineshape, resulting in a constructive DNP effect (either positive or negative), and the modulation frequency should be faster than the electron spin-lattice relaxation rate.
Microwave frequency modulation can be applied to D-DNP, either to improve direct 1 H or 13 C hyperpolarization, or for 1 H ?
C CP. There are several advantages of using frequency modulation in this context. A decrease in radical concentration results in an extension of nuclear spin-lattice relaxation times both before and after dissolution, which of course improves the preservation of hyperpolarized magnetization. Additionally, we observed a (3) and (2) respectively. These positive sideeffects of the reduction of the radical concentration, which are made possible by frequency modulation, make CP more efficient even with reduced radio-frequency fields. Figure 4 illustrates this concept by showing that, even though P( 1 H) slightly decreases when the radical concentration is reduced from 50 mM to 25 mM, P( 13 C) is significantly increased after CP. Since P( 13 C) is obtained from P( 1 H) by 1 H ? 13 C CP, one would not expect such an advantage. However, the improved CP efficiency compensates for the decrease in 1 H polarization.
In conclusion, we have shown that microwave frequency modulation can enhance the polarization in low temperature DNP in view of dissolution experiments. The experimental implementation of such a modulation is straightforward, and the parameters can be easily optimized. The gain in polarization brought about by frequency modulation is modest for high radical concentrations when the ESR spectra are homogeneously broadened, but becomes substantial for low radical concentrations when the ESR linewidths are inhomogeneous. When the radical concentration is reduced, cross-polarization (CP) becomes more efficient. Even if techniques for the elimination of radicals exist [32] [33] [34] [35] , they are usually time consuming, and losses in polarization due to paramagnetic relaxation cannot be avoided. Enabling efficient D-DNP experiments at lower radical concentrations is of considerable interest in this respect. Obviously, the reduction of the concentration of toxic radicals is even more important for in vivo imaging. In this field, many groups still favor Dissolution-DNP by direct 13 C polarization with narrow line radicals such as trityls, and seem to hesitate to resort to 1 H ?
C Cross Polarization using wide line radicals such as nitroxides. We are therefore currently extending this Letter to other radicals such as trityls, Galvinoxyl or BDPA. H, and 16 pulses with 5°nutation angles for 13 C. The depletion of the polarization caused by these pulses, which amounts to a factor 0.999 for 1 H and 0.95 for 13 C, was taken into account. The exact same pulses were used during the measurement of DNP-enhanced spectra. Larger nutation angles were avoided to prevent receiver saturation.
Methods

Sample preparation
Cross Polarization
1 H ? 13 C CP experiments were accomplished during DNP by applying radio-frequency modulated WURST pulses simultaneously to both channels, with durations optimized to 2 ms for sample (2) and 1 ms for sample (3), with frequency sweeps of 100 kHz, and amplitudes cB 1 /(2p) = 20 kHz on both channels to match the Hartmann-Hahn condition.
Microwave irradiation
DNP was performed by microwave irradiation at frequencies 187.5 < f lw < 188.5 GHz, and with a maximum power P lw % 87.5 mW at the input of the DNP insert. Microwaves were generated with a source (Elva VCOM-10/0.5/94/400) delivering up to P lw % 400 mW at f lw = 94 GHz ± 250 MHz at the WR-10 output in the rectangular fundamental TE 10 mode. At this stage the frequency was controlled directly by a voltage controlled oscillator unit (VCO) by a constant or modulated voltage (Stanford Research Systems DS345). The voltage source combined with the Elva VCO enables fast (up to 10 MHz) and broad frequency modulation over a range of ± 500 MHz. A doubler (Virginia Diode D200) was used to double the microwave frequency, thus providing f lw = 188 ± 0.5 GHz with P lw % 87.5 mW at the WR-5 waveguide output in the TE 10 mode. A commercial rectangular-to-circular transition device (Quinstar QWC series) was placed directly after the doubler to convert the rectangular TE 10 mode to a circular TE 11 mode. The microwave beam propagates in a 4.5 mm diameter oversized stainless steel waveguide equipped with two home-built gold-plated miter bends. The microwave beam is directed horizontally on the side of the sample. 
